@ERSpublications When mums with asthma #breastfeed longer, their babies are less likely to wheeze ABSTRACT The impact of breastfeeding on respiratory health is uncertain, particularly when the mother has asthma. We examined the association of breastfeeding and wheezing in the first year of life.
Introduction
Wheezing is among the most common causes of hospitalisation and healthcare utilisation during infancy [1] . Across different settings, between 20% and 50% of infants experience at least one wheezing episode in the first year of life [2, 3] . Early wheezing is an established risk factor for asthma and chronic obstructive pulmonary disease later in life [4] . While not all wheezing infants will develop persistent respiratory disease, we and others have shown that even transient wheezing during infancy is associated with significantly reduced lung function and increased asthma risk in adolescence [5] [6] [7] . Identifying modifiable risk factors and prevention strategies to reduce early wheezing is therefore an important public health priority with significant economic implications.
Breastfeeding may reduce the risk of wheezing by preventing respiratory infections [8] , promoting lung growth and development [9] , and supporting maturation of the immune system [10] . However, current evidence for these associations is inconsistent [11, 12] . Some studies report protective associations of breastfeeding and wheezing or asthma in early life [13, 14] , while others report no association or even an increased risk, particularly when the nursing mother is atopic or asthmatic [15] [16] [17] . One study found that breastfeeding effects differed by parental atopy and infant sex [18] , although others have failed to confirm this association [19] and most studies have not addressed potential sex differences.
While inconsistencies across studies may be related to differences between study populations, variation in research methods has also contributed to this heterogeneity. Limitations of previous research include recall bias in retrospective studies, imprecise definitions of breastfeeding and inability to adjust for essential confounders [20] . To address these limitations, it has been recommended that studies use a longitudinal design with prenatal recruitment, differentiate between exclusive and total breastfeeding, and minimally adjust for maternal asthma, smoking and socioeconomic status [11] . Following these recommendations, we investigated the association of breastfeeding and wheezing in a pregnancy cohort, including evaluation of dose effects and potential effect modification by maternal asthma and infant sex.
Methods

Study design and population
We accessed data from the Canadian Healthy Infant Longitudinal Development (CHILD) Study, a population-based birth cohort recruited from four sites in Canada [21] . Women with singleton pregnancies were enrolled between 2009 and 2012 (n=3408) and remained eligible if they delivered a healthy infant >35 weeks gestation (n=3311). For the current analysis, we excluded infants with no wheezing data (n=170), incomplete breastfeeding data (n=210), or missing data for essential covariates (maternal asthma, smoking, education, or ethnicity; n=158), leaving a total of 2773 infants for analysis (84% of the eligible cohort). This sub-cohort did not differ from the full cohort of eligible infants in terms of breastfeeding duration, wheezing or maternal asthma (table S1). This study was approved by the Human Research Ethics Boards at McMaster University and the Universities of Manitoba, Alberta, Toronto and British Columbia.
Infant wheezing
Wheezing in the first year of life was reported by standardised questionnaire at 3, 6 and 12 months of age. Following methods from the International Study of Asthma and Allergies in Children [22] , wheezing was defined as "a whistling sound in the chest" lasting for at least 15 min at a time with episodes separated from each other by at least 7 days. We calculated the rate of wheezing as the cumulative number of episodes divided by the total number of follow up months. Most infants (75%) had 12 months of follow up data. Due to missed questionnaires, 11% had 9 months, 9% had 6 months and 5% had 3 months of follow up. For infants with complete wheezing data, we additionally analysed "recurrent wheezing" (two or more episodes) as a dichotomous outcome.
Breastfeeding and covariates
Infant feeding was reported by standardised questionnaire at 3, 6, and 12 months. At 3 months, breastfeeding status was classified as exclusive (human milk only), partial (human milk supplemented with infant formula) or none. At 6 months, partial breastfeeding was sub-classified as "partial with formula" (human milk supplemented with formula, with or without complementary foods) or "partial without formula" (human milk supplemented with complementary foods only). Duration of any breastfeeding was also evaluated (age in months at cessation of breastfeeding) and classified as less than 6 months, 6-12 months, or "12 months" if still breastfeeding at 1 year of age. Infant sex, birth order and maternal age were documented from hospital records. Infant colds were reported by parents and "frequent colds" was defined as four or more colds in the first year. Maternal ethnicity, asthma, education and smoking were self-reported during pregnancy.
Analysis
Breastfeeding and wheezing prevalence were tabulated against potential confounding variables and univariate associations were examined by Chi-squared test. Poisson regression was used to investigate associations between breastfeeding and wheezing rates, with adjustment for overdispersion based on deviance residuals. Logistic regression was used to investigate the dichotomous outcome of recurrent wheezing. Models were adjusted for recommended covariates (maternal asthma, smoking and education) plus additional potential confounders identified through bivariate screening. Estimated effects are presented as crude and adjusted rate ratios (aRR; for Poisson regression) or odds ratios (aOR; for logistic regression) with 95% confidence intervals. Effect modification by maternal asthma and infant sex was explored through stratification and tested by modelling interaction terms. Analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).
Role of the funding source
Sponsors had no role in study design, in the collection, analysis and interpretation of data, in the writing of the report or in the decision to submit the paper for publication.
Results
Among 2773 mother-infant dyads with complete data, the mean±SD maternal age was 32.3±4.6 years and 589 (21%) mothers had asthma. The proportion reporting any breastfeeding was 85% at 3 months, 76% at 6 months and 46% at 12 months (table 1). The rate of exclusive breastfeeding was 59% at 3 months and 18% at 6 months. A total of 1085 wheezing episodes were documented over 29 757 months of follow up time, yielding an overall wheezing rate of 0.44 episodes per person-year (95% CI 0.40-0.47). About one in five infants (21%) experienced at least one wheezing episode during the first year of life, and nearly one in ten (9%) experienced recurrent wheezing. The rate and incidence of wheezing was significantly higher among male infants (0.53 episodes per person-year, 25% ever, 11% recurrent) compared to female infants (0.33 episodes per person-year, 17% ever, 7% recurrent) (all p<0.01, table 2).
Maternal and infant factors associated with breastfeeding and wheezing
Several maternal characteristics were associated with both lower rates of breastfeeding and higher rates of infant wheezing, including younger age, lower education, smoking and First Nations' ethnicity (table 2) . More than half (54%) of mothers over 35 years of age breastfed for at least 12 months, compared with less than a quarter (21%) of mothers under age 25 years. Breastfeeding rates at 12 months were twice as high among mothers with a postgraduate versus high school education (60% versus 27%) and among non-smoking versus smoking mothers (50% versus 22%). In parallel with these associations, higher rates of wheezing were observed in infants born to younger mothers (0.85 versus 0.39 episodes per person-year for maternal age <25 versus >35 years), mothers with lower education (0.73 versus 0.31 for high school versus postgraduate) and mothers who smoked (0.91 versus 0.35 for smoking versus non-smoking). Compared with other ethnicities, First Nations' mothers reported the shortest breastfeeding durations and the highest rates of infant wheezing. Infants born before 39 weeks gestational age were less likely to be breastfed at 12 months and more likely to experience wheezing. Similar patterns of association were observed for breastfeeding exclusivity and for recurrent wheezing (table 2) . Maternal asthma was a strong risk factor for wheezing (0.86 versus 0.32 episodes per person-year for infants with versus without maternal asthma) but was not associated with breastfeeding exclusivity or duration.
Association of breastfeeding and infant wheezing
Independent of the aforementioned maternal and infant factors, there was a significant protective and dose-dependent association between breastfeeding and wheezing ( Similar dose-dependent patterns of association were observed for the incidence of recurrent wheezing (table S2) . Adjustment for frequent colds did not attenuate the observed associations (table S3) .
Effect modification by maternal asthma and infant sex
In stratified analyses, the inverse association of breastfeeding and wheezing was confined to infants whose mothers had asthma (figure 1, table 4 ). For example, among infants with maternal asthma, the rate of wheezing was reduced from 1.40 to 0.33 episodes per person-year with 6 months exclusive breastfeeding (aRR 0.38, 95% CI 0.20-0.71) whereas no significant association was observed among infants without maternal asthma (0.39 versus 0.27 episodes per person-year; aRR 0.92, 95% CI 0.68-1.23) ( p-value for interaction 0.001). Similar evidence of effect modification was found for breastfeeding exclusivity at 3 months and total breastfeeding duration ( p-value interaction 0.008 and 0.004, respectively). Further stratification by infant sex revealed somewhat stronger associations among male infants (figure S1, table S4), although interactions by sex did not reach statistical significance ( p=0.08 for breastfeeding exclusivity at 3 months; p=0.09 for breastfeeding duration). Overall, the highest wheezing rates were observed among males with maternal asthma (2.02 episodes per person-year among those breastfed less than 3 months) and these infants appeared to benefit the most from higher breastfeeding exclusivity and duration (0.35 episodes per person-year with 6 months exclusive breastfeeding; aRR 0.32; 95% CI 0.12-0.83).
Discussion
In the prospective CHILD pregnancy cohort, we found evidence of a strong protective association between breastfeeding and wheezing in the first year of life, particularly among infants born to mothers with asthma. This association was dose-dependent (stronger with longer or more exclusive breastfeeding), independent of established risk factors for infant wheezing and early breastfeeding cessation, and was especially evident in male infants.
Our results confirm and extend previous research on breastfeeding and infant wheezing. In the cross-sectional International Study of Wheezing in Infants, breastfeeding for at least 3 months was associated with a reduced odds of recurrent wheezing in the first year of life (OR 0.79, 95% CI 0.72-0.87) [2]. In the prospective Western Australian Pregnancy Cohort Study, there was an increased risk of wheezing illness in the first year when cow's milk was introduced before 6 months (OR 2.07; 95% CI 1.47-2.90) [23] .
In a recent meta-analysis by DOGARU et al. [11] , "more versus less breastfeeding" was associated with a 30% reduced risk of wheezing in the first two years of life ( pooled OR 0.70, 95% CI 0.65-0.76, 28 studies, I 2 =64%). Studies included in this review were highly heterogeneous in their definitions of breastfeeding and https://doi.org/10.1183/13993003.02019-2016
wheezing, and the majority did not meet recommended criteria for breastfeeding research [20] such as nonreliance on prolonged recall, sufficient duration of breastfeeding, assessment of dose-effects and adjustment for essential confounders. Our study addressed these criteria by prospectively collecting feeding data at three time points in the first year of life, examining dose effects according to breastfeeding duration, exclusivity and extent of supplementation, and controlling for recommended covariates (maternal asthma, smoking and education) plus additional confounders identified through bivariate screening (gestational age, maternal age and ethnicity).
A previous study reported that breastfeeding may have diminished benefits or even detrimental effects in children breastfed by asthmatic mothers [16] . We did not find evidence of this in our cohort, although we 
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<6 months 6 to <12 months ≥12 months 0.5 1.0 1.5 0.0 0.5 1.0 2.0 0.2 FIGURE 1 Breastfeeding and wheezing rates in the first year of life in the Canadian Healthy Infant Longitudinal Development (CHILD) Study, for a) infants with maternal asthma (n=589) and b) infants without maternal asthma (n=2184). Among infants born to mothers with asthma, wheezing rates are progressively lower with increasing breastfeeding exclusivity and duration. # : rate ratios were adjusted for study site; maternal age, postsecondary education, ethnicity, smoking during pregnancy; infant sex and gestational age.
https://doi.org/10.1183/13993003.02019-2016 studied a much younger population. In our study of infants, breastfeeding was more protective among mothers with asthma. For example, breastfeeding for ⩾12 months was significantly protective in infants born to mothers with asthma (aRR 0.52) whereas the association was tempered and non-significant in those born to mothers without asthma (aRR 0.84). These findings are consistent with a report by DOGARU et al. [24] that breastfeeding was associated with improved lung function by school age, especially in children of mothers with asthma. Together, these results suggest that all mothers, regardless of their own respiratory health, can promote optimal lung development in their infants through breastfeeding.
Interestingly, we found that breastfeeding tended to be more protective against wheezing in male infants. Male sex is a well-known risk factor for infant wheezing, yet to our knowledge, no previous studies have reported sex-stratified analyses of breastfeeding and wheezing during infancy, although sex differences in breastfeeding effects have been reported in other contexts. For example, ODDY et al. [25] found that breastfeeding was positively associated with academic achievement in boys only, and sex differences in the association of breastfeeding and infant growth have also been reported [26] . It has been hypothesised that female sex hormones in breast milk may account for sex differences in breastfeeding effects, since male and female infants differ in their biological responses to sex hormones [18] . Regardless of the underlying mechanisms, which warrant further investigation, our results highlight the importance of considering sex differences in breastfeeding research, and suggest that previous studies could have missed or under-estimated effects in males.
Another unique aspect of our study is the detailed analysis of breastfeeding intensity and duration. Many previous studies have simply dichotomised breastfeeding (any or none) at a single time point, whereas we classified breastfeeding exclusivity (exclusive, partial or none) at two time points and further evaluated total breastfeeding duration. We observed increasing protection with increasing breastfeeding exclusivity in the first 6 months of life, and added protection from longer breastfeeding duration. While our study is observational and cannot prove causation, this apparent dose response provides support for a causal association, suggesting that policies to support breastfeeding could have a positive impact on infant respiratory health at the population level. Moreover, our findings identify specific subgroups that may especially benefit from targeted interventions to increase breastfeeding exclusivity and duration, including younger mothers, mothers who smoke, and mothers with lower education.
Our findings also contribute new evidence regarding the introduction of complementary foods. The World Health Organization currently recommends exclusive breastfeeding for 6 months to achieve optimal infant growth and development [27] , yet there is emerging evidence that earlier introduction of certain complementary foods may reduce the risk of allergic disease [28] . We sub-categorized "partial breastfeeding" at 6 months to separately address the impact of introducing formula versus complementary foodsan important distinction that is rarely reported. We observed significant protective associations for exclusive breastfeeding and partial breastfeeding supplemented with complementary foods, whereas the association for partial breastfeeding supplemented with formula was not significant. These results suggest that the increased risk of infant wheezing observed with non-exclusive breastfeeding is likely explained by the substitution of human milk with infant formula, rather than addition of complementary foods. This finding has important practical implications for infant feeding recommendations, particularly given the ongoing debate regarding the potential benefits of earlier introduction to complementary foods for allergy prevention [29] .
To address the possibility that breastfeeding reduces infant wheezing primarily by preventing respiratory infections, we adjusted our analyses for frequent colds. This did not significantly change the observed associations, suggesting that breastfeeding confers protection against non-infectious wheezing, which is a strong risk factor for subsequent asthma development [30] . In addition to directly transmitting protective maternal antibodies, human milk provides a multitude of bioactive constituents that nourish gut microbiota and support lung growth [8] [9] [10] , providing additional mechanisms to prevent wheezing and promote healthy lung development.
The strengths of our study include the frequent prospective documentation of infant feeding and wheezing in a large nationally-representative cohort; adjustment for key confounders including maternal asthma, smoking and education; assessment of dose effects; and the investigation of sex differences and effect modification by maternal asthma. The use of parent report to identify wheezing is a limitation, although we used an internationally-validated questionnaire [22] . We cannot exclude the possibility of residual confounding in our observational study, although we have controlled for essential confounders identified in previous studies plus additional confounders identified in our own analysis. Finally, our follow up was limited to 1 year; however, multiple studies have shown that wheezing during this critical period predicts long-term respiratory health [5] [6] [7] . Still, extended follow-up will be important since other cohorts have reported time-dependent associations with discrepant results for the impact of breastfeeding on wheezing during infancy versus later in childhood [16] . Further follow up of the CHILD cohort is underway, including pulmonary function testing and formal asthma diagnosis at 5 years of age. These assessments will facilitate extended evaluation of the association between breastfeeding and respiratory health.
Conclusion
Our results strengthen the existing evidence that breastfeeding confers protection against wheezing in early life, and further identify novel features of this association. We observed stronger protection from longer and more exclusive breastfeeding, primarily in infants with maternal history of asthma, and especially in males. The benefits of exclusive breastfeeding were diminished by supplementation with infant formula before 6 months, but not by the introduction of complementary foods. These findings provide new evidence to inform infant feeding guidelines and guide further research on the bioactive properties of human milk. Given the substantial health and economic burden imposed by infant wheezing and the potential for persistent respiratory morbidity, our results support the endorsement of breastfeeding as a cost-effective strategy to prevent infant wheezing and promote lifelong respiratory health.
